One of the most intriguing problems in the field of molecular magnetism concerns the nature of the ferromagnetic (FM) behavior of the charge transfer compound TDAE-C 60 (TDAE tetrakis dimethyl amino ethylene) below the [1] T c ഠ 16 K. Since the initial report by Allemand et al. [2] the low temperature phase of TDAE-C 60 has been proposed to be itinerant FM [2] , spin glassy [3] , spin canted FM [4] , and recently 3D Heisenberg FM [5, 6] . All of these studies indicate that there are still many controversial aspects concerning the intrinsic nature of the FM interactions in TDAE-C 60 .
Specifically, although cations and anions are expected to carry unpaired spin density, only one line appears in the electron spin resonance (ESR) spectrum of TDAE-C 60 well above T c . This might indicate that either the TDAE 1 signal is masked by the C 2 60 ESR line or that C 2 60 and TDAE 1 spins are strongly exchange coupled [7] . Alternatively, the electronic properties of TDAE-C 60 can be driven by spin cancellation, spin density wave, or charge density wave mechanisms [8] . This assertion is supported by ultraviolet and x-ray photoelectron experiments on TDAE-C 60 , which are consistently interpreted only by considering coexistence of TDAE 0 and TDAE
21
states [9] . Besides, x-ray diffraction measurements have shown that the unit cell consists of two subcells, stacked in the c direction, whereas both TDAE molecules shift along the b axis by 0.02 Å [4] . This crystal structure is consistent with charge separation (TDAE 1 1 TDAE 1 ! TDAE 0 1 TDAE 21 ) and can be correlated with a Peierls transition along the c direction of TDAE-C 60 .
Differences of the unpaired electron spin density, due to strong exchange coupling or charge separation, are very difficult to detect on C 60 because the spin density is distributed over 60 carbon atoms. However, the spin density (r) on TDAE is more localized (the spin density is mainly located on the central N 2 C N 2 C fragment in free TDAE 1 , with a r Ӎ 0.135 on nitrogen [10, 11] ) and it can be measured with the help of magnetic resonance techniques, via the 14 N and 1 H hyperfine interactions described by the Hamiltonian: H S ? b A ? I (S, I are the electronic and nuclear spin, respectively, and b
A is the hyperfine coupling tensor). So far, no hyperfine structure has been observed with continuous-wave (CW) ESR in solid TDAE-C 60 . On the other hand, pulsed ESR techniques allow the detection of fine details in overlapping or inhomogeneous broadened signals with different phase memory, or spin-lattice relaxation times [12] . Another possibility is the use of electron spin echo envelope modulation (ESEEM) techniques, which can resolve low nuclear spin resonance frequencies of nuclei coupled with the electron spin [13] . Specifically, in TDAE-C 60 ESEEM can provide direct information about the 14 N and 1 H hyperfine coupling tensors. In this Letter we report a detailed ESEEM and 1 H NMR study of TDAE-C 60 at low temperatures and give for the first time a direct experimental estimation of the unpaired electron spin density distribution on amino nitrogens and CH 3 protons of TDAE. Measurements have been carried out on a set of small, randomly oriented, TDAE-C 60 single crystals, which were grown at room temperature with a diffusion technique previously developed for low-dimensional organic conductors [14] . Freshly grown crystals were vacuum sealed in quartz tubes and x-ray diffraction measurements showed the absence of any significant inclusion of solvent, while the derived crystallographic parameters were similar to those 0031-9007͞99͞83(7)͞1435(4)$15.00reported in Ref. [4] . Pulsed ESR measurements were performed at Commissariat à l'Energie Atomique Saclay (France) on a Bruker ESP 380 spectrometer, and 1 H nuclear magnetic resonance (NMR) measurements have been carried out at NCSR Demokritos on a Bruker MSL spectrometer operating at 200 MHz 1 H frequency. Figure 1 demonstrates echo-detected field swept ESR spectra of TDAE-C 60 in the temperature interval between 4 and 21 K. All spectra were obtained by recording the amplitude of the echo as a function of the magnetic field after a two pulse sequence (p͞2-144 ns-p), with a time duration of the p͞2 and p pulses, 32 and 64 ns, respectively. At 4 K, the spectrum consists of a strong central line at 3487 G, and two symmetrically disposed weak lines, which might be attributed to a CH 3 -proton hyperfine splitting of about 25 G. An alternative explanation for the observed structure is the presence of 1 H nuclear modulation in the ESR spectra, with period 5 G, due to strong C 2 60 -proton hyperfine interactions [15] . Nevertheless, in both cases the conclusive factor for the observed structure is the presence of strong hyperfine interactions. By increasing temperature, the intensity of the three lines decreases rapidly, and the two outer lines disappear at 9 K (Fig. 1 inset) . Above 9 K the central line continues to reduce on heating and disappears at about 16 K, due to the rapid decrease of the phase memory time on approaching T c [16] . The resonance field of the ESR spectra varies only slightly with temperature below 16 K, indicating that the set of randomly oriented single crystals behaves like a polycrystalline sample. Thus the low frequency FM resonance mode, recently reported [5, 6] in the radio frequency region, is not expected to create a resonance field shift or a detectable signal distortion in the X band.
To resolve the hidden 1 H and 14 N hyperfine couplings under the central ESR signal ESEEM spectroscopy was used. Two ESEEM experiments were performed [17] at 4 and 6 K. It was impossible to obtain a well resolved ESEEM pattern above 8 K. Figure 2a displays the stimulated echo envelope modulation in the time domain at 6 K, at a field of 3487 G. There was no evidence of orientation selectivity, while the field dependence of the Larmor frequency across the spectrum did not cause significant alteration in the ESEEM pattern. The frequency-domain spectrum, obtained by Fourier transform of the time domain ESEEM pattern, is shown in Fig. 2b . The experimental spectrum contains a multiplex of sharp lines between 0.5 and 6 MHz, arising from 14 N-C as (A iso 2 e T , A iso 2 e T , A iso 1 2 e T ), with the isotropic coupling A iso 2.27 and 3.2 MHz and its anisotropic components e T 0.13 and 0.2 MHz, respectively. These A iso values correspond to s spin density values 0.0013 and 0.0018, respectively [19] . Alternatively, the obtained A iso values can be attributed to p spin density on the nitrogen by using the formula [10] A iso Qr p (Q Ӎ 31.8 for TDAE-C 60 ), which gives r p Ӎ 0.07 and 0.1, respectively. However, such large p spin density values should produce large hyperfine anisotropy [20] , which does not concur with the restricted anisotropy of the hyperfine tensor observed with ESEEM. Thus, the observed electron spin density on the nitrogens is of the s type. At 4 K the 14 N modulation depth is severely reduced due to the high value of A iso , that is, estimated to be greater than 5 MHz.
Except the lower-frequency 14 N peaks, a narrow peak at 14.8 MHz (this is the 1 H nuclear Larmor frequency in external field of 3487 G) appears together with a weak broad doublet disposed symmetrically around the 14.8 MHz in ESEEM spectra. The frequency split of the doublet is about 2 to 3 MHz, in agreement with the 1 H NMR results shown below. Another interesting feature appears at about 11 MHz in Fig. 2b . According to our analysis this peak appears as a weak contribution from a doublet of 14 N lines in the simulated spectrum (Fig. 2b) . However, the large disagreement between the calculated and Fourier transformed peak shapes at 11 MHz indicate that this feature may arise by 1 H hyperfine couplings corresponding to an A iso Ӎ 8 MHz.
To investigate this possibility detailed 1 H NMR line shape measurements were performed below 16 K. Characteristic spectra at 1.8, 6, 10, and 14 K are shown in Fig. 3 . These spectra exhibit the two lines previously reported [21] : one that remains unshifted (NS line) down to the lowest measured temperature and one that shifts rapidly on cooling (S line). Below 9 K the S line intensity increases abruptly (Fig. 3 inset) , exhibiting a frequency shift up to 8 MHz, with unpaired electron spin density on S-type protons in the range of 0.0028 up to 0.0056 [19] . Apparently the three 1 H NMR peaks with shifts 0, 3, and 8 MHz correspond to the 1 H ESEEM peaks at 14.8 MHz, the 3 MHz broad doublet, and the weak feature at 11 MHz, respectively [22] . This effect is observed for the first time in the present experiment and correlates with the C 2 60 -proton hyperfine coupling that shows up in the field swept ESR spectra (Fig. 1 inset) below 9 K. Such correlation may imply that the unpaired spin density on the methyl protons is due to extension of the C 2 60 unpaired electron wave function on the TDAE molecule. Remarkably, the onset of the S line broadening coincides with the formation of a nonzero spin gap, observed [23] by 1 H spin-lattice relaxation rate 1͞T 1 and CW ESR measurements in appropriately prepared nonferromagnetic TDAE-C 60 single crystals [24] . However, in these crystals only the NS line was observed. To in-
1 H NMR spectra of TDAE-C 60 at 1.8, 6, 10, and 14 K. For clarity the spectra are not scaled. The inset shows the stepwise increase of the Boltzmann corrected signal intensity IT vs T , at 208 MHz.
vestigate this effect in our sample, 1 H T 1 versus T measurements were performed on the S and NS lines below 16 K. It is observed that ͑T 1 T ͒ 21 (Fig. 4) of the S line decreases rapidly below 9 K, providing evidence about the formation of a spin gap [25] . This is clearly shown in the semilog plot of 1͞T 1 versus 1000͞T (Fig. 4 inset) , where the 1͞T 1 follows an activated law: 1͞T 1ẽ xp͑2E T ͞kT ͒ below 9 K, corresponding to an energy gap of E T ͞k ഠ 18 K. This value is close to the energy gap value of E T ͞k ഠ 19 K obtained [23] by 1 H NMR on the nonferromagnetic modification of TDAE-C 60 . However, in our sample the 1͞T 1 of the NS line does not follow an activation energy law. This may indicate that the S line protons in our sample and the protons exhibiting the spin gap behavior reported in Ref. [23] belong to stereochemically equivalent CH 3 groups.
The above results indicate that at 9 K an inhomogeneous spin order might be overimposed to the FM state along the c axis. This picture is in conjunction with recent calculations by Sato et al. [8] , indicating that the ground state of TDAE-C 60 is FM with the electronic structure TDAE 0 ͑"#͒-C [26] .
In conclusion, 14 N ESEEM and 1 H NMR measurements on solid TDAE-C 60 have shown (i) the presence of a very low unpaired electron spin density on specific nitrogens, which are predicted in a model considering charge separation [8, 9] , (ii) an abrupt increase of the spin density on S-line CH 3 protons below 9 K, and (iii) the formation of a spin gap below 9 K resulting from 1 H 1͞T 1 measurements. The above results, together with the pseudo-one-dimensional magnetic structure of TDAE-C 60 and the antiferromagnetic correlations reported [4] along the c axis, may imply that a spin and charge density wave is overimposed on the FM state below 9 K. This work has been supported by the NATO linkage Grant No. SA, 12-3-02(HTECHLG-960976) 1300(96)JARC-412.
